The electronic band structure of thin films and superlattices made of Heusler compounds with NiTiSn and NiZr 0.5 Hf 0.5 Sn composition was studied by means of polarization dependent hard x-ray photoelectron spectroscopy. The linear dichroism allowed to distinguish the symmetry of the valence states of the different types of layered structures. The films exhibit a larger amount of "in-gap" states compared to bulk samples. It is shown that the films and superlattices grown with NiTiSn as starting layer exhibit an electronic structure close to bulk materials.
1
The progressively growing interest in exploration and design of the materials exhibiting thermoelectric properties is mediated by their potential applications in new environment friendly industrial technologies for power generation and refrigeration 1 . As the efficiency of a thermoelectric device solely depends on the dimensionless figure of merit ZT = S 2 σκ −1
at operating temperature, the most interesting materials are those with high ZT , which is, in turn, defined by thermopower S, electric conductivity σ and thermal conductivity κ. Due to the unique tunability of properties, thermal and chemical stability, non-toxicity and ease in synthesis, among other half-Heusler compounds the NiXSn based family of compounds and their solid solutions have become the most perspective ones for reaching
high ZT values [2] [3] [4] [5] . Many attempts were made towards optimization of ZT via enlarging either S or σ 4, 6 . Alternetively a reduction of κ allows significantly to rise ZT values, as it was demonstrated for YX 0.5 X' 0.5 Z family of half-Heusler compounds 3, 7, 8 .
Boundary scattering of electrons and phonons play a major role in further suppression of the thermal conductivity in polycrystalline materials 9 and thin film superlattices. In the latter case the phonons are scattered at the superlattice interfaces when their mean free path is shorter than the period of the superlattice leading to low values of the cross-plane κ 10 .
Improvement of the quality of such multilayer stacks as it was previously demonstrated for epitaxial NiTiSn/NiZr 0.5 Hf 0.5 Sn superlattices 11 will create new options for producing high performance thermoelectric devices.
To improve the transport properties of the materials it is necessary to understand and explore their electronic structure close to the Fermi energy (ǫ F ). Hard x-ray photoelectron spectroscopy (HAXPES) is a powerful method to probe both chemical states and electronic structure of bulk materials and buried layers in a non-destructive way 12, 13 . The combination of HAXPES with polarized radiation for excitation significantly extends its applicability. protective cap preventing the oxidation and degradation of the thin films.
The HAXPES experiment was performed at BL47XU of Spring-8 (Japan) using 7. Fig. 2(a)) has obviously a high degree of disorder as is revealed from both smeared out valence band and completely closed band gap.
Further investigations were performed on bilayers and superlattices ( Fig. 1 (d) , (e)). Both, p-and s-polarized, hard x-rays were used for excitation. The photoelectron spectra of both samples ( Fig. 3) are typical for the electronic structure of the compounds, as described above.
The high probing depth in the order of tens of nanometers allows to obtain the information from several 1.5-nm-thick layers of the superlattice. Their contribution to the total signal is nonequivalent as is seen in Fig. 3 . One notices a relative redistribution of peaks B, C, and D when comparing the spectra taken with both orthogonal polarization. A clear enhancement of the signals from the B and C states -similar to the NiZr 0.5 Hf 0.5 Sn sample -is explained by the presence of the topmost 1.5 nm-thick NiZr 0.5 Hf 0.5 Sn layer in the superlattice. Here, most of the obtained signal is attributed to the NiZr 0.5 Hf 0.5 Sn layer whereas the intensity from the underlying and other layers is damped due to increased inelastic scattering probability for electrons passing larger distances through the upper layers of the structure.
The spectra shown in Fig. 3 were normalized to the secondary electron background at about -14 eV to account for different intensities for different kind of polarization (see also 14 ).
Substantial changes of the spectra from both samples are quite obvious when the polarization is switched from p to s. In both cases the peak at -8.31 eV arising from Sn s (a1) states is enhanced with p-polarized photons, while the intensity of the d-part of the spectra is lowered.
Namely the features originating from e and t 2 states (-2.36 eV) and t 2 states (-3.06 eV) of Ni as well as e and t 2 states (-1.3 eV) of Ti are enhanced when using p-polarized photons for excitation 19 . The relative change in the intensity of peak E arising from t 1 states of Ni and Ti is larger in the superlattice sample (see difference curve in Fig. 3(b) ). This is due to the different overlying material in the two samples and therefore a increased contribution of states from Zr and Hf. In the bilayer sample the enhancement of the relative change in peak D at -3.06 eV giving a sharper feature in the difference curve ( Fig. 3(a) ) is caused mainly by changes of the cross sections for t 2 states of Ni similarly as it was observed previously for polycrystalline NiTiSn 14 . This is in a good agreement with the present case as the 30 nm overlying layer mostly contributes to the overall signal obtained from the bilayer structure.
From the polarization dependence it is also concluded that the in-gap states have d-type character.
summary, the investigation of electronic properties of thin films as well as superlattices of 
